Background: : Chronotype influences several physiological systems, including the immune system and the hypothalamus-pituitary-adrenal (HPA)-axis. Previous research has shown that evening chronotype is associated with adverse metabolic health outcomes and obesity. However, the exact mechanisms underlying the observed differences in metabolic function between "morning" and "evening" types remain to be explored. Objective: : To investigate the relationship of chronotype with inflammatory and neuroendocrine stress markers and to explore their mediating and moderating roles in the association between chronotype and body mass index (BMI). Methods: : Twenty-eight healthy young adults (50% women), mean age 23.8 ± 3.3 (SD) years, underwent a standardized laboratory stress test (Trier Social Stress Test, TSST). Concentrations of plasma C-reactive protein (CRP) at baseline and of salivary cortisol before and after the onset of the stressor were analyzed. Heart rate was measured continuously. Chronotype was assessed with the Morningness-Eveningness Questionnaire (MEQ). Results: : Lower MEQ scores (i.e. evening tendency) were associated with higher BMI (r = −.40, p < .05), elevated CRP concentrations (r = −.42, p < .05) and higher cortisol responses to acute stress (r = −.53, p < .01). The relationship between MEQ score and BMI was mediated by CRP concentrations (β = -0.03, CI 95%: -0.08 to -0.007, p < .05). In addition, we observed a moderating effect of the cortisol stress response on this mediated relationship (β = 0.005, CI 95%: 0.0002 to 0.01, p < .05), such that the mediated relationship was stronger in individuals with a higher cortisol response. Conclusion: : Enhanced pro-inflammatory state and a higher cortisol response to stress may underlie the effect of evening chronotype on obesity risk and adverse metabolic health outcomes.
T
, blood pressure (Merikanto et al., 2013a; Uusitalo et al., 1988; Yu et al., 2015) , catecholamine secretion (Akerstedt and Froberg, 1976) , sleep patterns (Ishihara et al., 1987) , subjective activation and arousal (Adan and Guardia, 1993; Akerstedt and Froberg, 1976) or lifestyle regularity (Monk et al., 2004) . Evidence indicates that evening or late chronotype is associated with a greater degree of misalignment between internal timing and external conditions Wittmann et al., 2006) , potentially leading towards disruptions in central and peripheral rhythms (Huang et al., 2011) . Furthermore, individuals classified as the evening chronotype are at higher risk for developing poor health outcomes (Olds et al., 2011; Yu et al., 2015) , including higher BMI (Arora and Taheri, 2014; Lucassen et al., 2013) , the metabolic syndrome (Parsons et al., 2015; Yu et al., 2015) , diabetes type 2 (Merikanto et al., 2013b; Yu et al., 2015) , asthma (Merikanto et al., 2014) and depression (Merikanto et al., 2013a) .
Chronotype influences HPA-axis function, including glucocorticoid release by the adrenal gland. Glucocorticoids are important regulators of lipid and glucose metabolism and alterations in HPA-axis function and have been associated with higher BMI and abdominal fat (Incollingo Rodriguez et al., 2015; Joseph and Golden, 2017) . Chronotype acts upon the diurnal cortisol profile regulated by the HPA-axis. For example, several studies indicate significantly higher salivary cortisol levels in the first hour after awakening (Kudielka et al., 2007 (Kudielka et al., , 2006 Randler and Schaal, 2010) and an earlier occuring acrophase of the circadian rhythm of total cortisol (Bailey and Heitkemper, 2001) in morning compared to evening chronotypes. Also, females with the evening chronotype show significantly higher diurnal cortisol output on leisure days (Dockray and Steptoe, 2011) and in obese short-sleeping participants evening tendency is associated with higher morning plasma ACTH and urinary epinephrine concentrations (Lucassen et al., 2013) . Furthermore, compared to morning types, evening types showed higher cortisol concentrations after high-intensity interval exercise performed early in the morning (Bonato et al., 2017) and displayed lower cortisol responses to a standardized psychosocial laboratory stressor (Marvel-Coen et al., 2018) . Also time of day of exposure to a psychosocial laboratory stressor influences the cortisol stress response, with higher total but similar net cortisol responses in the morning compared to the afternoon (Kudielka et al., 2004) and lower cortisol responses in the evening (Yamanaka et al., 2019) .
Numerous studies indicate strong links between circadian rhythms and the immune system. For example, peripheral clocks have been shown to be present in different hematopoietic cell lineages including macrophages and lymphocytes. Also, trafficking of the different types of immune cells in and out of the blood stream and the sensitivity to detect and respond to pathogens and their by-products, such as bacterial endotoxin, are under circadian control (Scheiermann et al., 2013) . Many of the circadian effects on the immune system are mediated through direct innervation of sympathetic nerve fibers into lymphoid organs and by circulating stress hormones like catecholamines and glucocorticoids acting on α-and β-adrenergic and glucocorticoid receptors (GRs) (Dhabhar et al., 2012; Elenkov et al., 2000) . The connection between the neuroendocrine stress system and the immune system is further supported by evidence that acute psychosocial stressors lead to an increase in circulating pro-inflammatory mediators (Prather et al., 2009; Steptoe et al., 2007) and an up-regulation of the transcription factor NF-κB, the master regulator of inflammation, in circulating immune cells (Bierhaus et al., 2003) . Prior research has established the role of inflammatory mediators in the development of metabolic disturbances (Ndumele et al., 2006; Pradhan et al., 2001 ) and a recent study observed higher CRP concentrations, an acute-phase protein secreted by the liver in response to a variety of pro-inflammatory cytokines (Gabay, 2006) , together with increased triglycerides levels and higher total body fat mass in evening vs morning-and intermediate types (Yu et al., 2015) .
Both HPA-axis function and activation of pro-inflammatory pathways have been implicated in the development of adverse metabolic health outcomes. However, studies investigating the role of immune function in the context of chronobiology and (metabolic) health outcomes are scarce and until now, associations between chronotype and HPA-axis function have been mostly studied in the context of the circadian cortisol profile. Differences in stress-induced neuroendocrine reactivity patterns could also underlie the association between chronotype and metabolic function and may in parallel with prolonged activation of pro-inflammatory pathways contribute to the development of metabolic imbalances. Thus, the first goal of the present study was to investigate the relationship between chronotype and two key interrelated biological systems that could potentially transmit the effect of chronotype on metabolic health outcomes: pro-inflammatory pathways, reflected by Creactive protein concentrations, and the neuroendocrine stress response system, measured by heart rate and cortisol increase in response to acute psychosocial stress. In addition, we wanted to test the mediating and/or moderating roles of these systems in the association between chronotype and BMI, while adjusting for the possible confounding influence of sex (Kirschbaum et al., 1999) and sleep duration (Mota et al., 2016; Mullington et al., 2010; Spiegel et al., 2009; Van Lenten and Doane, 2016) .
Materials and methods

Participants
Participants were recruited through announcements at universities in Berlin, Germany. To restrict the effect of age in our analyses we included subjects between 19-31 years old. In order to limit the effect of hormonal variation due to menstrual cycle on the neuroendocrine stress response only female subjects that were using oral contraceptives were included in the study. In addition, study visits were scheduled such that at the day of the TSST, none of the women were menstruating or during the 7 day break of their oral contraceptive intake. Additional exclusion criteria were CNS relevant diseases and neurological diseases, severe somatic diseases, diabetes type 1 and 2, steroid diseases, hypertonia, current infections, pregnancy, smoking and intake of medication (except for oral contraceptives in women). After screening 43 potential participants, the final study population comprised 28 young adults (14 women and 14 men, mean age 23.8 ± 3.3 (SD) years). All subjects were healthy as ascertained by self-report and confirmed by a brief clinical examination. BMI was assessed and calculated as weight in kilograms divided by height in meters squared (see Table 1 for participant characteristics and sample description). The study was approved by the medical ethics committee of Charité − Universitätsmedizin Berlin and was conducted in accordance with the Declaration of Helsinki. All subjects provided written informed consent before participation.
Study protocol
Participants were asked to come to the laboratory at 2 p.m. and to refrain from eating at least 2.5 h before that time. Participants rested for 45 min and were then exposed to the Trier Social Stress Test (TSST). This laboratory-based protocol consists of a free speech task and a mental arithmetic task of 15 min duration performed in front of an audience and a camera (Kirschbaum et al., 1993) . This protocol is among the most extensively validated tasks for the induction and assessment of acute psychophysiological stress responses, and has been found to induce significant endocrine (cortisol, ACTH), and sympathetic nervous system (as indexed by heart rate and blood pressure) responses in the vast majority of subjects (Dickerson and Kemeny, 2004) . Saliva samples were obtained before (-10 min) and after (+30 min, +90 min) the TSST, whereas heart rate was measured continuously from -30 min before the start of the TSST to +45 min after the start of the TSST using an Actiheart device (Actiheart, CamNtech). Saliva was collected by placing cotton swabs (Salivettes, Sarstedt, Nümbrecht, Germany) in the participant's mouth for 2 min, and salivettes were immediately frozen at -80°C. Blood samples to analyze CRP concentrations were collected before the TSST (-10 min) in EDTA containing vacutainers (BD Vacutainer) and immediately centrifuged at 4°C for 10 min at 1500 x g. Plasma was then separated and stored at -80°C.
Chronotype and sleep
Chronotype was assessed using the 19-item Morningness-Eveningness Questionnaire (MEQ) by Horne and Östberg (Horne and Ostberg, 1976) . Analyses were performed with the continuous score of the MEQ. Higher values reflect morning tendency. Sleep quality was measured with the Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989) . The average effective sleep duration during the last month with question 4 from the PSQI: "How many hours did you usually sleep per day during the last month?" (Yu et al., 2015) .
Salivary cortisol assay
Salivary cortisol concentrations were analyzed using a commercial ELISA kit (Salimetrics), with a sensitivity of 0.007 μg/dL. Intra-assay and inter-assay coefficients of variability were 6% and 7%, respectively.
Plasma CRP assay
Plasma CRP concentrations were analyzed using a commercially available high sensitivity Instant ELISA kit (eBioscience), according to the manufacturer's instructions. The limit of detection was 3 pg/mL. The intra-and inter-assay coefficients of variability for plasma CRP measurements were 6% and 8% respectively.
Statistical analyses
All variables were inspected for outliers, and if necessary log transformed to normalize the distribution (which was necessary only for CRP concentrations). Repeated-measures ANOVAs were computed to assess the effect of time on change in cortisol. Cortisol stress reactivity was determined by calculating the percent change in cortisol from before to 30 min after the TSST. For statistical analyses, heart rate was averaged across the following time windows: 5 min immediately before the onset of the TSST, 15 min during the TSST, and over a 5 min period from +40 min to +45 min after the onset of the TSST. T-tests were performed to test for differences between males and females.
Pearson's correlations were used to test associations between the total MEQ score and participant characteristics, CRP and the cortisol and heart rate response. The PROCESS macro (Hayes, 2013) model 4 was used to assess the potential mediating roles of CRP concentrations and the cortisol response on the relationship between the MEQ score and BMI. We conducted ordinary least squares (OLS) path analyses using 10.000 bootstrapping samples and a bias-corrected 95% confidence interval (CI). To test for moderated mediation PROCESS model 14 was conducted. Variables were mean centered in order to easier interpret the interaction effect. As recommended by Preacher, Rucker, and Hayes (2007) (Preacher et al., 2007) , high, medium and low levels of the moderator were operationalized at one standard deviation above and below the mean. The potentially confounding factors sex and sleep duration were included in all analyses. We also tested the potential influence of sleep quality in addition to sleep duration on the association between chronotype and BMI, CRP and the cortisol and heart rate response. Because sleep duration is part of the global PSQI sleep quality score, we ran separate models including sleep quality instead of sleep duration as a covariate. Adjusting for global PSQI score instead of sleep duration did not change the magnitude and significance of the reported associations. Data analysis was performed using the SPSS statistical software (SPSS 23.0, Inc., Chicago, IL, USA). The significance level was set at p < .05 for all applied analyses.
Results
Associations of MEQ score with participant characteristics, CRP and the stress response
Participant characteristics are presented in Table 1 . There were no significant differences in MEQ scores between males and females (t = -1.06, p > .05). Additionally, evening tendency was associated with later bedtime (r = -0.39, p < .05), but not with wake time (r = -0.17, p > .05). The total MEQ score was significantly and negatively associated with BMI (Fig. 1a , r = −.40, p < .05), indicating that individuals with an evening tendency had a higher BMI. Lower total MEQ scores (i.e. evening tendency) were related to higher CRP concentrations (r = −.42, p < .05, Fig. 1b ). In addition, BMI was positively associated with CRP concentrations (r = .56, p < .01).
As expected, exposure to the TSST led to significant changes in heart rate (main effect time: F 1.6, 36.6 = 80.7, p < .001) and cortisol concentrations (-10, +30, +90 min, main effect time: F 1.5, 40.3 = 35.94, p < .001, Fig. 2 ). Lower total MEQ scores (i.e. evening tendency) were associated with a higher TSST-induced cortisol response (%) (Fig. 1c , r = −.53, p < .01). Since higher basal levels of cortisol have been shown to be related to lower stress-related net increases in cortisol (Kudielka et al., 2004) we also controlled for baseline (-10 min) cortisol levels, but still observed a significant association between MEQ score and the cortisol stress response (r = −.44, p < .05). In addition, the cortisol response was positively associated to BMI (r = .51, p < .01) and CRP concentration (r = .39, p < .05). No significant relationship between MEQ score and the heart rate response (r = -0.039, p > .05) was observed. Yet, evening tendency was associated with higher resting heart rate after the TSST (r = -0.44, p < .05). Higher resting heart rate was also related to elevated CRP concentration (r = 0.49, p < .05) and a higher cortisol response (r = 0.46, p < .05), but was not significantly associated with BMI (r = 0.23, p > .05).
Mediation analyses
To gain a better understanding of the mechanisms underlying the relationship between chronotype and metabolic health outcomes, and as total MEQ score, BMI, CRP and the cortisol response were all correlated among each other, we first tested the possibility that the relationship between MEQ and BMI could be mediated by either CRP concentration or the cortisol response. Mediation analysis revealed that K. de Punder, et al. Psychoneuroendocrinology 109 (2019) 104388 the relationship between chronotype and BMI was mediated by CRP (β = -0.03, CI 95%: -0.08 to -0.007, p < .05), but not by the cortisol stress response (β = −0.03, CI 95%: -0.1 to 0.002, p > .05). In the first mediation model (including CRP as the mediator), adjusted for sex and sleep duration, evening tendency was related to higher CRP concentrations (β = −0.05, CI 95%: -0.09 to -0.005, p < .05), and CRP concentrations were positively associated with BMI (β = 0.63, CI 95%: 0.12 to 1.14, p < .05). Moreover, a lower score on the MEQ (i.e. evening tendency) was indirectly (β = -0.03, CI 95%: -0.08 to -0.007, p < .05), but not directly (β = -0.03, CI 95%: -0.09 to 0.03, p > .05), related to higher BMI. Overall, the model accounted for 48% of the variance in BMI (R 2 = .48, p < .01). This finding indicates that the higher BMI observed in individuals with a tendency towards evening type may be explained at least in part by higher CRP levels. Because we established significant associations between the cortisol stress response and the other measures that compose the above described mediation model, we further explored the possibility that the cortisol stress response moderates this mediated relationship. We observed that the effect of CRP on BMI was indeed contingent on the cortisol stress response, as evidenced by the statistically significant interaction between CRP and the cortisol response in the model of MEQ predicting BMI (β = 0.005, CI 95%: 0.0002 to 0.01, p < .05), such that the mediated relationship is stronger when the cortisol response is higher (see also Fig. 3 ). Table 2 shows that the conditional indirect effect for MEQ on BMI was significant when the cortisol response was of average or high magnitude (mean or above one standard deviation (SD) of the mean), but not when the cortisol response was of lower magnitude (mean -1 SD).
Discussion
In the present study we aimed to investigate the mechanisms underlying the relationship between chronotype and metabolic health outcomes. The major findings of our study are the following: First, our findings replicate previous results indicating that evening tendency is associated with higher BMI (Arora and Taheri, 2014; Lucassen et al., 2013) ; second, we observed elevated plasma CRP concentrations and an increased cortisol stress response after a standardized laboratory stressor in late individuals; third, our results suggest that the K. de Punder, et al. Psychoneuroendocrinology 109 (2019) 104388 relationship between chronotype and BMI is mediated by elevated CRP concentration and that this mediated relationship is stronger in individuals with an increased cortisol response. Altogether, these results imply that elevated circulating CRP concentration in combination with a higher cortisol stress response could underlie the development of metabolic dysfunction in individuals with a tendency towards the evening chronotype.
In line with previous results our findings indicate that evening tendency is associated with higher BMI (Arora and Taheri, 2014; Lucassen et al., 2013) . Individual differences in the total MEQ score accounted for 16% of the observed variation in BMI. An earlier study by Lucassen et al. (Lucassen et al., 2013) found that about 6% of the variation in BMI could be explained by the total MEQ score, yet, this study was conducted in obese individuals. In accordance with our findings, prior research has shown that plasma CRP concentration is increased in the late or evening chronotype (Yu et al., 2015) , an effect that could possibly be explained by alterations in autonomic nervous system activity (Roeser et al., 2012) . As previously reported, in our study evening tendency (Lucassen et al., 2013; Roeser et al., 2012) and CRP concentrations (Whelton et al., 2014) were both associated with higher resting heart rate. The autonomic nervous system directly regulates cellular inflammatory signaling, and increased sympathetic nervous system activity has been associated with elevated inflammation (de Punder and Pruimboom, 2015) . Also, evening type is associated with less favorable dietary habits. For example, evening types consume more calories (Mota et al., 2016) , fast food and sweets and eat less fish, fruits and vegetables compared to the early and intermediate chronotypes (Arora and Taheri, 2014; Fleig and Randler, 2009; Kanerva et al., 2012) . Food intake can produce post-prandial immune activation when a meal is high in calories or has a high fat content (de Punder and Pruimboom, 2015) . Also, evening tendency is related to later meal times (Lucassen et al., 2013) . A recent study found significant associations between evening caloric intake (assessed between 5 pm and midnight) and circulating concentrations of CRP (Marinac et al., 2015) .
In addition, this study provides the first evidence in humans suggesting that the effect of chronotype on BMI is mediated by elevated plasma CRP concentration. Inflammation is closely related to adiposity; adipose cells are known to secrete pro-inflammatory mediators when the adipose tissue becomes hypertrophic and subsequently hyperplastic as a consequence of metabolic dysregulation (Rehman and Akash, 2016) . However, the relationship between inflammation and adiposity is bidirectional. For example, several studies observed strong relationships between inflammatory mediators, among which CRP, and the development of insulin resistance, an important contributor in the development of metabolic disturbances (Ndumele et al., 2006; Pradhan et al., 2001) . By altering insulin receptor substrate proteins, pro-inflammatory pathways impair insulin signaling in adipose tissues at the level of the insulin receptor (Nieto-Vazquez et al., 2008) .
Our finding that evening tendency is associated with a higher cortisol response to a standardized psychosocial laboratory stressor (TSST) is in contrast to a recent study reporting increased TSST-induced cortisol responses in morning compared to evening types (Marvel-Coen et al., 2018) . This discrepancy could possibly be explained by the applied version of the MEQ; we used the original 19-item version of the MEQ, while Marvel-Coen et al. (Marvel-Coen et al., 2018) applied the reduced 5-item version. Another explanation could be that, in contrast to the other study, we adjusted for the effect of possible confounders (sex and sleep duration) in all the studied relationships. Based on our observations and previously published findings showing that resting heart rate is elevated in the late chronotype (Lucassen et al., 2013; Roeser et al., 2012) , the increased cortisol response induced by the TSST in late individuals might possibly be explained by alterations in autonomic nervous system function. Additionally, evening types have reported higher levels of perceived psychosocial stress compared to the morning-and intermediate chronotypes (Kantermann et al., 2012) .
We observed a positive relationship between the cortisol stress response and BMI. This finding is in agreement with previous studies. For example, a systematic review indicated that obese individuals reliably demonstrate higher cortisol reactivity in response to an acute stressor (Incollingo Rodriguez et al., 2015) . Glucocorticoids regulate lipid metabolism in adipose tissue and the liver, stimulate hepatic gluconeogenesis and induce short-term insulin resistance in the periphery (Hitze et al., 2010) and, therefore, prolonged activation of the HPA-axis could promote abdominal visceral fat accumulation as well as increase body weight via increased cortisol secretion (Geiker et al., 2018) . In addition, prior research showed that individuals who were offered a rich buffet after an acute social laboratory stressor (TSST) stated less burdening during social stress exposition than subjects who were offered a meager salad (Hitze et al., 2010) , suggesting that individuals that exhibit higher stress responses could be more inclined to eat "comfort food" after being exposed to daily stressors. Also, individuals showing higher acute stress-induced increases in cortisol exhibited a stronger repression of plasma insulin levels and showed steeper increases in glucose concentrations following rich buffet ingestion after the stressor (Hitze et al., 2010) , further indicating that HPA-axis reactivity patterns influence metabolic function.
Additionally, we observed a moderating effect of the cortisol stress response on the relationship between CRP and BMI. Enhanced stress responsiveness may be induced by changes in glucocorticoid receptor (GR) mediated feedback control at the level of the HPA-axis and the immune system. Normally, the release of glucocorticoids puts a limit on the maximum activity of the immune system, yet, impaired functioning of the GR could make the immune system insensitive to its inhibitory and modulatory actions (Barnes, 2017) . Inflammatory mediators, in their turn, can further stimulate sympathetic nervous system and HPAaxis responses (Dunn, 2000; Goebel et al., 2002; Zimomra et al., 2011) , creating a vicious circle, resulting in less functional GRs and a pro-inflammatory state (Barnes, 2017) . Chronic activation of pro-inflammatory pathways induces insulin resistance and promotes the development of metabolic disturbances (Ndumele et al., 2006; Pradhan et al., 2001) . Also, animal studies indicated that deficiencies in glucocorticoid receptor functioning can provoke disruptions in the circadian rhythm (Chung et al., 2011) .
Later chronotype is associated with a greater degree of misalignment of biological and social time, which could result in the accumulation of a substantial sleep debt in the evening chronotype (Wittmann et al., 2006) . Previous studies have shown associations between chronotype and sleep duration (Mota et al., 2016) and between sleep duration and metabolic function (Spiegel et al., 2009) , inflammation (Mullington et al., 2010) and the functioning of the HPA-axis (Van Lenten and Doane, 2016) . Therefore, here we adjusted all analyses for self-reported sleep duration, which suggests that our findings are not explained by self-reported hours of sleep in the last month.
Limitations of our study include the cross sectional design, the relatively modest sample size and the restricted age and BMI range in our study sample. In addition we only assessed BMI and did not include measures of waist circumference or adiposity. Replication of our results Note. Variables were mean centered in order to easier interpret the interaction effect. The conditional indirect effect for MEQ on BMI was significant when the cortisol response was of average or high magnitude (mean or mean + 1 SD), but not when the cortisol response was of lower magnitude (mean -1 SD). BMI, Body mass index; CI, Confidence interval, MEQ, Morningness-Eveningness Questionnaire.
K. de Punder, et al. Psychoneuroendocrinology 109 (2019) 104388 in a sample that includes overweight (BMI 25-29.9) or obese (BMI ≥ 30) individuals is warranted. Another limitation of the study is that we measured chronotype by questionnaire and not included an objective measure of circadian phase, like the dim light melatonin onset. We also did not assess participants' eating habits that might at least partly explain our results. Finally, all participants were exposed to the TSST in the afternoon. It might well be that individuals of a certain chronotype show different physiological stress responses when tested at different times of the day. Therefore, future studies should attempt to identify the effect of time of day of TSST exposure on the relationships between the cortisol stress response, BMI and inflammation in the different chronotypes.
Taken together, the current findings advance our understanding of the underlying role of the immune system and the HPA-axis in the relationship between chronobiology and metabolic health outcomes.
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